Abstract-Visualization of proportions is a very common need and there are many techniques for it. The pie chart is popular among practitioners and general audience, but many prominent experts advise against using it.
I. INTRODUCTION
The pie chart is probably the most common method to visualize proportions, or how the size of some part relates to that of other parts and the whole. They can be found everywhere -for example, in newspapers, scientific articles, and television newscasts. Besides being popular, the pie chart is also controversial. Practitioners and the general public favour them, and the experts advise not to use them, mainly because there are more efficient representations available.
The pie chart is criticized as inefficient since the data encoded can be read from multiple sources (angle, length of arc, area of segment) [12] . It is known that (linear) length is easier to estimate than angle, and the estimation of area is even worse [2] . This is probably the fundamental reason why so many prominent experts advise against using them ('The only thing worse than a pie chart is several of them' [14, p. 178] , 'Save pies for the dessert' [3] , 'Death to pie charts' [9] ). On the other hand, there are also prominent defenders of pie charts ('Why Tufte is Flat-Out Wrong about Pie Charts' [4] , In Defense of Pie Charts' [5] ). This paper compares three common methods to visualize parts of some whole, namely, stacked bar chart, pie chart, and a table of numbers (as a baseline). There are other methods for the same task, such as Treemap [11] , Voronoi diagram [1] , rose diagram [8] , and methods based on the small multiples [15] , but they are not so common.
One typical misunderstanding in the pie chart vs. bar chart controversy is the comparison of pie charts to regular bar charts. The point is that a regular, side-by-side bar chart is missing the 'whole', the visual sum of all values -we need to use a stacked bar chart to make a fair comparison.
In the earlier studies, the choice of task has proven to be a problem. It is not easy to choose a task that does not favour one of the techniques. In this experiment, we concentrate on the magnitude comparisons by graphics. We ask the participants to simply name the parts of the visualization in descending order of their proportion. This is an elementary task when the proportions of a whole are visualized.
One might question the ecological validity of simply listing the elements in descending order. After all, we could present the parts in sorted order, or include the exact proportion in the label. However, often the parts of some whole have a natural order which can't be violated (e.g. political stance, or anything expressed in ordinal scale), and our focus here is the graphical comparison of magnitude. Including the exact proportion in the label would help magnitude estimation similarly in pie and stacked bar charts, and table is the baseline.
Another important aspect is how to define 'performance' when the proportions are perceived from a visualization. In this study, the performance is the combination of task time, error rate, and subjective satisfaction. The research question addressed in this study is to discover the performance difference between the pie chart, stacked bar chart, and a table of numbers.
II. METHOD A. Participants
Twenty-eight students volunteered to participate in the experiment. Twenty-three participants were recruited in May 2014 from the introductory course in Interactive Technology who had to write a short report about their participation as a partial fulfillment of the course (the author of this paper has no other connection to this course). After the summer break in August, five additional participants were recruited among the students available on our campus to complete the counter-balancing. The nationalities of the participants were Finnish (21), Estonian (3), Japanese (2), and Turkish (2) . All participants received a free-pass movie ticket for their time (a standard practise in our laboratories).
The participants were screened to have either normal or corrected-to-normal vision. Genders were balanced (14/14) , and the average age was 27.5 (median 25, min: 20, max: 52, sd: 7.7). Exposure to pie charts was investigated by asking how often they read newspapers (sometimes: 18, every day: 10) or watch the evening news on TV (never: 7, sometimes: 15, every day: 6). Familiarity to data graphics in general was queried by asking the number of statistical courses taken (none: 14, one: 5, two: 4, more: 3). The fluency in touchtyping was also queried (none: 7, adequate: 9, ok: 8, good: 4).
B. Apparatus
The experimental setup was implemented as a Java application run on an iMac computer. The GraphTest program displayed a stimulus, recorded the participant's input, and the time spent on a task. Figure 1 shows the user interface. The input is a string of letters from the beginning of the alphabet, and the program accepts only those letters that appear in the stimulus image. The answer button (on the bottom right, Figure 1 ) activates when all the letters appearing in the stimulus have been inserted into the answer field. The program requires another button press before proceeding to the next task, thus allowing the participant to rest between tasks if so desired. The stimuli were created programmatically to have the desired difference between the part sizes. The visualizations were as simple as possible -no colors, no scales, plain data labels, and all pixels are data-bearing. The numbers in the table condition were not percentages, but the same random data that was used to generate the graphic stimuli, shown with two decimal places.
C. Procedure
Participants first completed a questionnaire for demographics and background information, filled in consent form, and were informed that they may withdraw from the experiment at any time, or even decline afterwards the use of their data. Next, each participant was given the same instructions (read aloud from a paper), and familiarized with the three visualization types. The functionality of the GraphTest application was explained, and the participants did eight training tasks with it. The participants were encouraged to ask if there was anything unclear in the GraphTest application, the visualizations, or the test itself.
The test task was to list the elements in the visualization in a descending order of their size, e.g., in Figure 2 the correct answer is BACD. Participants were instructed to perform the tasks as quickly as possible, but not at the expense of the correct answer. The participants did not compete against each other, but they could ask about their overall placement afterwards if desired, with respect to time and accuracy (many of them were interested in this).
Each participant did the same set of tasks with all three visualizations. Both the task order and the order of visualization types were counterbalanced with Latin square designs. The tasks were created by varying the number of elements in the visualization (between 4 and 7) and the minimum difference between elements (from 6% to 18%, in 4% increments). There were 4 (percentage difference) × 4 (element counts) × 3 (visualization types) = 48 tasks altogether.
After the test tasks the participants filled in a questionnaire about their subjective opinions on the three visualizations and their performance, and were interviewed for additional comments.
The GraphTest application recorded the participants' answers and computed the string distance to the correct answer. The distance metric is the number of adjacent letter swaps required to transform the answer into the correct one. Figure 3 shows the distance for the string ABCD. If the participant responds BCAD and the correct answer is ABCD, then the distance is 2. Linear mixed effects modeling was used to describe the effects of visualization type and data properties on task time and correctness. The visualization methods (Type) were stacked bar chart, pie chart, and a numerical table. The data was characterized by the number of data items (Count) and the minimum difference between them (Percentage). Type, Count, and Percentage were fixed effects, and participant was a random effect. There was a separate slope and intercept for each visualization type.
The task time was modeled as TimePerElement, i.e. the task time was divided by the number of elements. Values higher than 3 × SD (4508ms) were rejected as outliers (25 observations, 1.86%, these were mainly cases where the participant had problems typing the answer). In addition, the task time was log-transformed to meet the normality assumption. The detailed results follow.
A. Time
The grand mean for task completion time was 11.1 seconds ( Table I Figure 4 shows the interaction plots. All interactions between the stacked bar chart and the pie chart were ordinal.
We can use the estimated marginal means to determine the source of these differences. Table III shows the details  of pairwise comparisons, and Table II Table   • • 
B. Errors
In the following, the answers are first considered as the number of errors (the answer is either right or wrong), and then as a distance from the correct solution.
We can define index of difficulty (IOD) for a task as the function of the number of elements in the visualization and the percentual difference between those elements as IOD = log(5× Count/Percentage) (the constant 5 is just a scaling factor to return positive values). This is akin to the predictive model of human movement often applied in human-computer interaction [7] . Figure 5 shows the relationship between IOD and the number of errors. Unsurprisingly, the task with the highest number of elements and smallest difference between them is the most difficult one, and vice versa. Figure 6 shows the same dependence per visualization type. With easy tasks (low IOD) there is no difference, i.e. it doesn't matter which visualization is used, but with hard tasks there is a clear difference.
The grand mean for distance was 0.203 swaps (206 answers out of 1344 were incorrect). A generalized linear model with Poisson distribution was fitted. The main effects of Type (F 2 = 83.66, p < .001), Count (F 3 = 42.23, p < .001) and Percentage (F 3 = 31.04, p < .001) were statistically significant (error estimate based on Pearson residuals). The pairwise interactions were not significant, but the threeway interaction was (F 18 = 2.00, p < .01). This was caused by the small and random distances at higher percentage levels (P14 and P18), i.e. when the difference was clear (see Table IV ). 
C. Opinions
There was a short post-test questionnaire for participants to rank the visualizations according to pleasantness of use (1st, 2nd, 3rd), and to estimate which one was the fastest to grasp, the most effective. For the pleasantness of use, there was a small preference for pie chart over bar chart, and the rating for the baseline was half of that for graphical presentations. For effectiveness, the bar chart got twice as Table  P6  1  --5  Table  P10  -1  1  3  Table  P14  1  --2  Table  P18  1  -1  2   Table IV  THE Table Pie  Bar  Table Pie  Bar  Table Pie  Bar  Table Pie  Bar   1250 many votes as the pie chart -even the baseline got a slightly higher ranking than the pie chart.
IV. DISCUSSION
The results from this experiment are not straightforward. In task time, there are complex pairwise interactions, but these are caused by the baseline condition -the interactions between Bar and Pie are ordinal (Figure 4) . Table II is a summary of Table III , showing only the statistically significant differences. Out of the sixteen conditions, there is not a single case where the pie chart would be faster than the bar chart. The pie chart beats the baseline in 5 out of 16 cases, but is slower in two cases. On the other hand, the bar chart is significantly faster than the pie chart in 7 out of 16 cases, and beats the baseline in 11 out of 16 cases.
Perhaps the most revealing view of the task times is to look at the median task times in each condition (Figure 8 ). When the difference between elements is clear (14% or more), the bar and pie chart clearly outperform the textual representation. The bar chart outperforms the pie chart, except that there is no difference with 7 elements. With a small difference (10% or less), the pie chart is slower than the bar chart or the baseline, again excluding the 7 element case. Table IV summarises the number of errors, i.e., when the distance from the correct solutions was not zero. As we can see from Figure 6 , the number of errors climbs more steeply with the pie and bar charts, the pie chart being steepest. Figure 7 shows the mean distance from the correct solution. The bar chart is more accurate than the pie chart in all but two cases, and both graphical methods are less accurate than the table.
User opinions from the questionnaire data reveal quite compellingly the root of the pie chart controversy: users like the pie chart although they understand that the bar chart is more effective.
The pie charts in this study were crafted according to the prevailing 'gold standard': no more than seven segments, segments start from the upper-most point, no cut-outs, and no 3D. The findings of this study suggest one addition: the pie chart should not be used if the data items have small differences and the magnitude comparisons are important, or the magnitudes should be on the labels.
V. CONCLUSION
The results support the claim that the pie chart is slower and less accurate than the stacked bar chart when the magnitudes are compared from the graphics. Overall, looking at the data in Table I , the pie chart was almost 20% slower in this experiment, and over twice as inaccurate as the bar chart. That is not a trivial cost. On the other hand, the stacked bar chart was about 13% faster than the baseline, a table of numbers, but there was a four-fold difference in accuracy.
